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Computational/Experimental Aeroheating
Predictions for X-33 Phase II Vehicle

H. Harris Hanlilt()n II, K..lanles \Veihnu(,nsl,,r. *

Thonlas ,l. Horvath. and S,'ott A. Berry t

NASA La'n#h'y lh;.sea'rch Cent_<r', Hampto'n,, 114 23681

Laminar and turbulent heating-rate calculations from an "engineering" code and
laminar calculations from a "benchmark" Navier-Stokes code are compared with experi-

mental wind-tunnel data obtained on several candidate configurations for the X-33 Phase

II flight vehicle. The experimental data were obtained at a Mach nmnber of 6 and a
freestream Reynolds number ranging from 1 to 8 x 10"/ft. Comparisons are presented

along the windward symmetry plane and in a circumferential direction around the body
at several axial stations at angles of attack from 20 to 40 deg. The experimental results
include both laminar and turbulent flow. For the highest angle of attack some of the

measured heating data exhibited a "non-laminar" behavior which caused the heating to
increase above the laminar level long before "classical" transition to turbulent flow was
observed. This trend was not observed at the lower angles of attack. When the flow

was laminar, both codes predicted the heating along the windward symmetry plane rea-

sonably well but under-predicted the heating in the chine region. When the flow was
turbulent the LATCH code accurately predicted the measured heating rates. Both codes

were used to calculate heating rates over the X-33 vehicle at the peak heating point on
the design trajectory and they were found to be in very good agreement over most of the
vehicle windward surface.

AIt
h
H
L

31

P

HC L

Rn

q
T

1"

.r,!/,2

(t

P

Nomenclature

altit ud('. ft

heat transfer coefficient, BTU- sc('/ft'

enthalt)y, ft"-/.se/2

vehicle length, inc/_c._

Math number

pressure, lb/ ft'-'

Reynohls nunfl)er based on length

nos(' radius, incl..s

heat transf(,r rate. BTU/ft='-.sc("

telnl)(,rature, dcftF

veh)(:ity, ft /.wc
Cart(,sian })ody ('(_or(linates, imq_cs

angle of attack. (leg

surface emissivity

density, slug.s/ ft :_

Subscripts

FlY Fay and Riddell

tr Wall

_,; Fr(,est realll

Introduction

HE A('cess to Sl)a('e Sttt(ty I |)y NASA recom-

mend(,d the (leveh)pment of a heavy-lift fully

reusabh' launch vehMe /RLV) =,':_ I() provide a next-

g('ll('ratioll reusal)h, lallllt'h systeln (:at)a|)le of r(,liabh"

"S(!ilior tles(!ar(:h Engineer, .\er(_lh(,rm[)(lynamit:s Branch,
A(,ro- and (;as-Dynamics Division. Research and Technology

(;roup, Associate Fellow AIAA.
"[llesearch Engineer. Aerothormodynanfi(:s Bl'andl, A(q'o-

and (;as-l)ynamics l)ivision, l(esearch and Technoh)gy (;r, mp.

l'hi_ pal,*', iii a _,_k .,f the I > (;,,voH_n,ont all({ i> Ii<,t IlhJeCt to ,',>l )}
light protection Ih( ] nltvd State_

serving natiolml spa('(' transt)ortation ne(,(ts at greatly

r('(ht(:ed (:()st. As t)art ()f this t)rogram, the X-33 serves

as a technoh)gy (lemonstrator for the RLV. It is envi-

sioned t() be al)l)roxinmtely a one-half-scah_ l)rot()tyt)e

of the RLV that will demonstrate the technoh)gi('s ro-

(tuired t() devehq) and operat(' a fifll s('ale v(qfit'h'.

At the (\)repletion of a X-33 Phase I ('Oml)etition.

Lo('kh('ed Martin Skunk Works was award(,d th(' Phase

II ('(retract for the design, (hw(qol)m(mt and c(mstru('-

tion of the X-33 flight v(,hMe. In addition. L()('khe(,d

is in charge of th(' flight test t)rt)gram. It is an in-

dustry led effort in partnerddp with NASA to SUl)l)ort

the design and (hw(q()I)ment work on the X-33 through

f(il'llla[ task agl'(_(qllOlltS.

In tim (h'sign ()f any hyl)ersoni(" v('lfit'h', a(,ro-

dynamic h(,ating is an imt)()rtant issu(,. This pal)er

presellts r(,sults generat(,d in SUl)t)ort of task agro(,-

merits with Lockheed t() l)r()vi(h, experimental aerody-

namic h(,ating data and comtmtational fluid dynami('

(CFD) ('ah'ulatioIls in sut)I)ort of X-33 aerothermody-

immic dev(d()pment and (l(_sign. 4 It shouhl t)(, viewed

as a rel)()rt of work-in-progress since a(htiti(mal work

will 1)e t)erformed during the next several months that

will also suppt)rt the final design.

Results fl'om eXl)erimental ]mating illeaSlll'(qll(,llts

an(t CFD comlmtations are t)resent(,d and ('omt)ar('(I.

In a(hlition, ong()ing efforts in sUt)l)()rt of these task

agreements will 1)(' dis('uss('d. Sore(' of th(' ('Xl)eri-

mental heating results 1)resented in this t)al)er were

in SUl)l)ort ()f the task to stu(ly lammar-to-turbuh'nt

l)oun(lary-layer transition.'
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X-33 Geometry

The X-33 configuration is a lifting body design

with syinnmtrical canted fins, twin vertical tails, and

two t)ody flat)s located at the rear of tile fllselage. The

vehMe is t)owered by a linear Aero-sl)ike engine. It has

a length of api)roximately 756 inches front the n()s(_ to

the end of the engine block and a span of apt)roxi-

mately 920 inches from wing tip to wing tip. The

geometry of the X-33 vehicle has evolved during the

course of' both the Phase I and II efforts. 4 thus results

from several different vehicle geometries (D-Loft, Rev-

C, and Rev F) are discussed in this paper. The D Loft

was tile configuration that emerged from Phase I and

was used ill the earl), part of Phase II.

The Rex" C configuration is a revision of the D-

loft. For Rev C, tile nose region had a slightly different

shape t.o Siml)tify the construction of the metallic pan-

els used in the Thermal Protection System (TPS) and

there were also changes in the base region. Both a toil

and bottom t)erspective view of this configuration are

shown in Figs. 1 and 2, rest)ectively.

.,i:i_ii:i_f2_i

Fig. 1 Top view of X-33 Rev-C configuration

Fig. 2 Bottom view of X-33 Rev-C configuration

The dihedral of tile canted-fin on both the D Loft and

Rex, C configurations was 37 degrees.

The Rex' F is a fl:rther revision (tf the vehMe

geometry to lint)rove its aero(lynamic characteristics.

This configuration has the same forebody shat)e as

Rev C but the dihedral of the canted fin was low-

ered to 20 degrees to improve pitch-trinl characteristics

across tile si)ee(t range and the size of the leesi(le ver-

tical tails was increased to improve lateral-directional

stability at low speeds. Although there have been ad-

ditional vehicle modifications since Rev F, these mod-

ifications have been relatively minor.

Experimental Method and Test
Conditions

Experimental results presented in this paper

were obtained in the NASA Langley Research Center

(LaRC) 20-Inch Math 6 Tunnel. The tunnel is a hy-

personic blow down facility which uses heated, dried,

filtered air as the test medium. Typical operating

conditions for this tunnel cover a range of stagnation

l)ressures from 30 to 500 psi, stagnation temt)eratures

fl'om 760 ° R to 1000 ° R. and freestream unit Reynolds

numbers from apl)roxiniately 0.5 to 8 x 106 per foot.

For these operating conditions, the freestream Math

number ranges between approximately 5.8 and 6.1.

The tunnel has a two-dimensional nozzle and a test

section that is 20.5 l)3 20 inches. A more detailed de-

s(:rit)tion of the facility is given t)y Mieol. t_

Experimental heating tests were conducted on a

10-inch forebody of the D Loft configuration, repre-

senting apl)roximately the forward 70 percent of the

flfll vehicle, and on a Rev C, 10-inch "tip-to-tail" con-

figuration in the Langley 20-Inch Maeh 6 Tunnel. The

tests on the D-Loft forebody model were part of a

study designed to obtain "smooth body or natural"

houndary-layer transition on the X-33 vehicle) Be-

cause of the fast paced nature of the X-33 l)rogram,

the models used in the exl)erimental tests presented in

this paper were not measured to determine how well

they agreed with the vehicle shat)e. However, for all

future ext)erimental heating inodels, quality assurance

measurements are planne/1 as a part of the model con-

struction t)rocess.

The experimental test ('onditions for these exper-

iments are given in Tables 1 and 2, respe('tively. Two

identical models (designated A and B) were used dm'-

ing the D Loft forebody tests to look at the effect of

model (:onstruction Oil hoth the heat transfiu' and tran-

sition results.

All the heat transfer measurements were per-

formed using a two-color, relative-intensity phosphor

thermography technique to enable optical acquisition

of tile test data. 7,_ With this te(:hnique, silica ce-

ramic wind-tunnel models are slip casted 9 and coated

with a mixture of phost)hors which fluoresce in two

regions of the visible spectrum (red and green) when

illuminated with ultraviolet light. The fluorescence in-

tensity is dei)endent on the amount of incident light

and local temt)erature of the 1)host)hers. By acquiring
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Table 1 Test conditions for D Loft forebody.

Run M<)del M__ _ I)_ Tx R('L

<leg lb/ft '-) <leg R x 10 -_i

6 A 5.95 40 12.22 112.9 1.86

8 A 5.97 40 23.77 111.8 3.70

24 B 5.97 40 23.60 111.7 3.G7

7 A 5.99 40 33.79 114.6 5.07

32 B 5.99 40 33.75 115.5 4.99

9 A 6.00 40 43.04 112.7 6.64

15 A 5.99 30 33.79 114.6 5.07

19 A 5.98 20 33.52 114.1 5.06

30 B 5.98 20 34.04 115.4 5.03

Table 2 Test conditions for Rev-C configuration.

Run M:. (t t)_ T_ ReL

<leg lt)/fl'-' <leg R x 10 "

6 5.96 30 5.76 109.4 0.93

5 5.97 30 11.80 112.0 1.83

4 5.99 30 23.35 111.8 3.64

7 6.00 30 33.56 114.5 5.05

31 5.99 20 23.04 111.1 3.63

2 5.99 40 23.29 111.4 3.65

fluores('ence intensity images <)f at) ilhmfinate<t model

ext)ose<t t<) tit(' win<l-tmmel flow. surfa<'e temperature

mat)s can ])e cal(nflate<l on portions of the me<tel in

the camera's view. A teml)erature calibration of the

system conducted t)ri<)r l<) the test l)rovides data nec-

essaly to COllVet't tit(' two-color images to telllpel'atlll'e.

Ac<tuiring images (t(qllp('l';,ltlll'eS) at different times in

the win<l-tmmet run enal)les local heat transfer coef-

fit'ienl to l)e ('Omlmted. (k)ml)arison of heat transfer

measurent(,nts ()l)tain(,d with the therntogral)hi(' phos-

phor technique t() those ()l>taine<l using <:onventional

thin-film resistant'(, gauges have shown excellent agree-

IIteltt. 11)

In routine use of this te(']ttlique, the phosphor

('eating (_1 rail ill thickness) has l)r<)v(m rol)ust and

does not tyl)i('ally require reflnl)ishment <hMng a test.

This H,clmique, which has I)een wi<My used at tit('

Langley Research Center, offers two <listin('t advan-

tages ()vet (:ottvetttiolta[ ]teat traltsf(,r test iltethods.

First. tit(' measm'enmnts l)r()vide a (tuantitative resolu-

tion (>f global surfa('(, teml)eratures and heating unlike

discrete gauge measmements. In addition, the model

construction, testing and data r()(hl(:liolt Call l)e pet-

formed nm('h faster and ch(,al)er than other t(,sting

me(hells.

Computational Methods

Exl)erimentally nleastlred heating data at'(' com-

pm'ed with l)re<lictions fl'om a "l)encluna.rk" Navier-

Stokes <:ode (LAURA Langley Aerotl)ernto<lynamic

Ul)wind Relaxation Algorithm), and an "engineer-
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ing" <'<)de (LATCH Langley Al)l)roximat(' Three-

Dimensional Convective Heating), whi('h is l)ased on

a boundary-]ayer-inviscid method.

LAURA Code

The LAURA ('ode II i:_ is a three-(limensional.

finite-\ohmw, Navier-Stokes <'od(' based on an Ul)wi,d

relaxation algorithm that <'an (:Oltll)tlte both l)erfec)

and real gas flows. Invis('id flltxes are colnt)ute<t Its-

ing R(>("s av('raging j4 and Y('e's 1_ S.wnm(,tric T()tal

Variation Diminishing (STVD) t<) achieve second of

der accm'a<'y away front discontinuities. Set'end <)rder

acctlI'a{.(._ ('entral (filferell('es at(' us(x] t() ('Olltt)llte the

viscous flux.

Tit(' governing equations are solved 1)y marl'h-

illg ill "t)Setl([O '" tillle until a steady slat(' s<)lutitm is

achieved. The treatlnenl of the govertliltg (,quations

is descril)(,d as t)<)int trot)licit b(,cause varial)les at lhe

cell center are treated impli('illy, whereas th(' laws)

availal)le (lata are use(l for the oth(,r tern>. With this

strategy, updating cell <'(,nlered varial)h,s r(,<luires the

inversion of a nmch smalh'r matrix an<l ()nly one lev(,1

<)f storage. The LAURA code has been shown to ('ore-

pare well with I)oth flight H_ an<l wind tunnel Ir data.

LATCH Code

Tit(' LATCH co<le Is' l_) is an at)l)r(>ximate three-

dimensi(mat heating co(le based ()n tit(' axisymmetric

analog f()r general three-(linwnsi<mal l)(mndary lay-

ers. _° In this method the l)oun<lary-layer equati<ms art'

first written in a streamline-oriented coordinate sys-

tellt (,_;, ,_,II) where .,_ is the distan<'e nleasuie<l along

an invis(:id st reanfline, d is tangent t() tit(. surfa('e and

normal to the streamline direction, and , is normal

to tit(' surface. If Ill(, viscous crossfl(>w in lh(' 1)oun(l-

ary layer is small an<l can l>(' n('gh'(led (as il ('an It('

when the streanfline curvature is small or wh(,n th('

wall is col<It, the houn<lary-lay('r equations redu<'e to

an axisymmetri(' form if s is int(,rl)r('t(,d as th(, dis-

lane(, along an "e<luivah'nl" axisymmetric l)(>(ly an([

tit(' metri(" ('oeHi(:ient h, associate(t with tit(' st)r('ad-

ing of the streandines, is interl)reted as tlt(' radius

<)f the equivalent axisynmtetri(' body. This greatly

simplifies th(' t)oundary-layer sohltion and means that

approximat(, three-dinmnsional heating rates ('all l)e

computed along an in(fly)dual streanfline ind('I)endent

of other streamlines using any axisymmetri(" h(,ating

prediction method. The apt)roa('h is siml)lified fllrth('r

I)3" using an approximate integral h(,ating te('lmi<lu('. '21

which has been shown to agree with more (h,taile(l

finite-(lifferen('e I)omMary-layer solutions, It) <'al('ulat(,

h(,ating rates. In i)ra('tiee, so[uti(ms art' ('arri('(] out

along multit)le streanflines sinulltane()usly ill a nmr('li-

ing fashion s<) that tlt(' al)l)r()ximat(' l)<mndary solution

over the ('onq)lete t)odv is ol)tain('d in a single l)ass

down the I)o<ty i'e(tllirillg al)out 5 10 mimm's on a

(]eskto t) workstation.

To apply (fits method, the in\'is('id streanflin(!s
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and metric coefficients are required and must be ob-

tained from a three-dinmnsional inviscid solution. In

this paper the inviscid solutions were obtained using

the inviscid version of th(' LAURA code. described pre-

viously, and the inviseid version of the DPLUR code.-'-'

a flowfield code that has l)een optinfized for running

on l)aralM conqiuters. These solutions ,'equile IilOl'('

time than the LATCH l)oundary-layer solutions, but

nmch less time than the fifll Navier-Stokes solutions.

The primary advantage of the LATCH code is that

reasonably accurate heating sohttions can be obtained

in much less time than for a Navier-Stokes code and

thus inore so]lit|oils can [)(, ('Olnl)uted for the same ex-

I)enditure of resources. The relatively fast turnaround

makes LATCH an extremely usefifl code for vehMe de-

sign. The LATCH code has been shown to compare

well with both wind tunnel and flight data and with

other more detailed flowfiehl codes. L"''-'3

All of the calculations for wind tunnel conditions

presented in this patter for t)oth the LAURA and

LATCH ('odes were run for a constant wall teml)er-

ature of 540 deg. R (80 (leg. Ft. The heating data for

these conditions are presented in terms of heat transfer

coefficient to mininfize the effect of wall teml)erature

on the results. The flight calculations were run at the

h)eal radiation (,quilihrium wall temperature assuming

a surface enmfisivity of 0.9.

Results and Discussion

In this section, heating t)re(tictioils from the

LATCH and LAURA code are first compared with

exl)erimental heating measurements obtained in the

20-Inch Math 6 Tunnel on a D Loft forebody model

and a Rev-C "tip-to-tail" model. Predictions fronl the

LATCH and LAURA codes are then (:ompared fin the

peak laminm" heating point on the X-33 design trajee-

tory.

D-Loft Forebody

As a part of the X-33 l)oundary-layer transition

study," a 10-inch forebody model of the D Loft config-

uration (approximately (I.(/19 scale) was constructed.

This model represents approximately the fi)rward 70

percent of the eomph,te configuration from the nose

to just ahead of the (:anted-fin, fllselage juncture (see

Figs. 1 and 2). A perspe('tive view (if the forehody

configuration is sh(iwn in Fig. 3. The model size rep-

resented a ('ompromise between the desire to test the

largest t)ossihle model to enhance the t)robal)ility of

obtaining "smooth body or natural" transition over a

rang(, of angles of attack (20 ° <_ (t _< 40 ° ) and the

desire to mininfize the disturl)ance or blockage of the

flow in the tunnel.

Although no experimental hypersonic pressure

data have been el)rained on any of the X-33 config-

urations, calculated results are available. The calcu-

late(t surface pressure distrit)utions along the wind-

Fig. 3 X-33 D-Loft forebody configuration

ward symmetry plane are t)resented in Fig. 4 for

(_ = 20 ° , 30 ° , and 40 ° angle of attack. Only the in-

viscid results are presented since both the im,iscid and

viscous LAURA calculations are in good agreement.

The pressures increase with angle of attack as would

he expe('ted. There are two regions of over ext)an-

sion and recoml)ression: one nero' x/L _ 0.1, and the

second near x/L _ 0.45. The strength of t)oth reeoin-

l)ressitm regions increases with angle of attack. For

this Ma('h numher, the nondimensional t)ressure at the

sonic point is approximately 0.49, thus at () = 20 ° and

30 ° the sonic t)oint is on the nose ahead of the first re-

coml)ression but at o= 40 ° the sonic point is located

much fllrther downstrean! at x/L ,_ 0.35.

0.9 ',,,

0,8 _i

%,

0-3i- -__. _ ........... ?:-_"

0.1 ........ °" -
r

o oi I I I I I I I I I I
D.O 01 0.2 0.3 04 0.5 0.6 0.7 08 09 1.0

X/I.

Fig. 4 Windward symmetry plane inviscid pres-

sures on the D-Loft forebody configuration at

,_I_ = 6.

Inviscid surface streamlines on the lower surface

are presente(l in Figs. 5-7 for a = 20, ° 30, ° and 40. °.

respectively. At (_ = 40, ° the pressure on the symme-

try t)lane is higher than for the lower angles of attack

and the streamline patterns indicate that there is out-

flow on the h)wer surface. However, at (_ = 20, ° the

windward symmetry plane pressure is lower and the

streamlne patterns indicate much more inflow than at

the higher angles of attack.
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Fig. 5 Inviscid surface streamlines on windward

side the D-Loft forebody configuration at ._1I_ = 6,

o = 20".

Fig. 6 Inviscid surface streamlines on windward

side the D-Loft forebody configuration at :'iI_ = 6,

_ = 30".

Fig. 7 Inviscid surface streamlines on windward

side the D-Loft forebody configuration at 3I_ = 6,

o = 40".
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\Vindwaid Syllllllol.ry plane heating resuhs at (_ =

40" and RcL = 1.83.r10 _. are l)resenl('d in Fig. 8.

1
F
[-/_ M_. 6 -- LATCH - I.mvmn¢11 : a= 40ck_ : Exam - Run $

1 0 _ _'1_i ReL= 1.g • 1O* LAURA - I-amlnm

Og _'- '_[_

o.4 ;

g.

f
0 / I I I I I I I I I I

GO0 01 02 0.3 04 05 06 07 06 Og 10

x/1.

Fig. 8 Windward symmetry heating on the D-Loft

forebody at 31_ = 6, e_ = 4(1", and RcL = 1.9.r10".

The heating results are l)resent('(1 as a heat transfer

(:oetfi(:ienl ratio h/hvt¢ versus .r/L. where h is th(' h)-

ca] heat transfer cooffi('i(,n! illl([ ]ll.']t is the stagnati(m

l)oint h('at transfer coefficient calculate(l using th(, the-

orv of Fay and Rid(h'll '-'4 for a sphere with the radius

al)l)roximately p(lual to the nose radius of the n]oth,l

(R,, = 1.033 inches). Presenting tit(' heat transfer re-

sults in this form (i. e. h/hF,,¢) has two benefits. First.

the sensitivity of the results to wall temperature vari-

ations is essentially removed. This is important for

these wind tunnel data because the wall to total en-

thalt)y ratio is relatively high (h,,./tb,,. _ 0.6) and th('

measur(,(t heating Flit(' is significantly affe('ted 1)v vari-

ation in th(' wall t(,ml)eratur(' while the heal transfi'r

('oetficient is not. For the hyl)('rsoni(' l)ortitm ()f the

X-33 flight trajectory the wall to total enthall)Y ratio

is lower (0.2 0.3) and the effect of wall tOlllt)('l'atllro Oll

heat transfer rate is much h)v,-(,r than for the .Mad, 6

wind tmm(,l. The second 1)('nefil is that. for the range

of R(,ynohls mmfi)ers in the 20-hwh Ma('h 6 tram(,1.

this ratio is relatively insensitive t() Reynohls numl)er

variation for laminar flow I)(,('ause both th(' nlln](q'at()r

at[(l d(,nonfinator have a sinfilar del)('nd('nce.

In ['igllr(' 8, t)()th the LATCH and LAURA cal-

culations are ('()ml)ar('d with th(' experimental heating

data along the windward symm(,try plan(, for an an-

gh, of attack of 40" and a Reynolds tmml)er t)as('d

on model length of 1.9:r10 (;. In I)oth sets of ('ahtla-

ti()ns the flow has I)('(,n assum(,d to be laminar 1)et'aus(,

of the relatively h)w Reynolds numb(,r f()r this cast,.

The LAURA t)redictions are in good agr(,(,m('nt with

the measurett heating over the entire length of the

model. The (lifft,ren('es are largest in the stagnati(m r(,-

gion where the measur(,(t heating is at)l)roximately 10

percent higher than th(' LAURA pre(tiction but down-

stream of the stgnation region the LAURA pr(,di('tkms

generally agree with th(' measm'ed heating data within

about 5 t)erct'nt or h,ss. The LATCH l)redi('tions are in

ll
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good agreenmnt with both the LAURA t)rediciions and

with the measured heating data over the entire length

of the model. Tile good agreement between LATCH

and the other results for this (:as(, is encouraging.

For this same ease, lateral (tistrilmtions at fore,

axial stations x/L = 0.3, 0.5, 0.7, and 0.9 are t)resente(t

in Figs. 9 12, rest)ectively. The heating results are

l)h)tte(l in the forlti of h/hv,¢ versus y/L where y is

the lateral coordinate on the bo(ly wlfich is zero in the

sylnmetry I)lane and L is the model length (L = 10

inches).

At x/L = 0.3 (Fig. 9), the heating is a minilnuin

near the sylmnetry plane (y/L = 0) and rises to a peak

in the (:hine region. Both LATCH and LAURA 1)re-

diet an increase in heating in tile chine region as would

1)e expected, with LAURA predictions being approx-

imately 10 I)erc('nt higher than LATCH I)redi('tions.

However. both are significantly lower than the mea-

sured data in this region (25-30 percent). This was

not exl)ected since the flow was thought to be lanfi-

nar at this Reynolds nulnber, mid based oi1 experience

with other configurations such as the Shuttle Orbiter

(whi('h has a nmch snlaller ehilm radii), it would be

expected that the predi('tions would I)e in better agree-

ment with laminar (tara. The LAURA solution was

run for a sulfi('ient time to achieve convergence for the

grid that was used (161 x 181 x 64). A grid conver-

gence study is t)lanned but has not heen completed.

However, based on LAURA calculations on other con-

figurations, su(:h as t.h(' Shuttle Orbiter, it is thought

that the grid is suffi(:ient to produce accurate heating

t)redictions. Similar results are noted for tile other lat-

eral heating distributions at x/L = 0.5, 0.7, an(t 0.9 in

Figs. 10, 11, and 12.
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0,0
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a= 40deg o Experlm4nt- Run e
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o Oc_o

o o o o
o o

c, %oo_ . -

' '4

.... I

t it

I I I t
01 O0 01 02

#L

Fig. 9 Lateral heating distribution on the D-Loft

forebody at x/L = 0.3, M_ = 6, o: = 40 ° , and R_!t. =
1.9x10 _.

R)r this angle of attack (n = 40°), heating (listri-

tmtions along the windward symmetry plane for three

higher Reynohts numbers. ReL = 3.7,5.(I, and 6.6

x 10/; are presented in Figs. 13, 14. and 15. For

ReL = 3.7x10 _ (Fig. 13), there is good qualitative

08

0.7

0.6

0.5

0.4

0.3

02

01

0,0

M • 6 ..... LATCH

a = 40 des o Elq)erlment - Run e
Re L= 1.e x 10" .... LAURA

o

I I
02 _).1

I I I I
0o 0.1 02 03

y/L

Fig. 10 Lateral heating distribution on the D-

Loft forebody at x/L = 0.5, 31o¢ = 6, n = 40", and

Rel. = 1.9x10 _.
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Fig. 11 Lateral heating distribution on the D-

Loft forebody at x/L = 0.7, M_ = 6, n = 40", and
RvL ---- 1.9x10 °.
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Fig. 12 Lateral heating distribution on the D-

Loft forebody at x/L = 0.9, M< = 6, n = 40 ° , and

ReL = 1.9x10 _.
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agreement between the measured heating data and the

laminar eah'ulations ()f both LATCH and LAURA un-

til near x/L _ 0.6 where the measured heating rises

rapidly indicating that boumlary layer undergoes tran-

sition. The heatillg continues to rise (townstream until

it exceeds the turbulent LATCH calculations near the

en(l (if th(' body suggesting that the flow is (:lose to

fully turbulent in this region. Exi)erimental data from

two ditfer(mt runs have been included in the figltre.

The two experimental heating results are in reason-

ably good agreenlent.

For RcL = 5.0x10 (i (Fig. 14). the measured heat-

ing data follows the laminar LATCH calculations to

a value of x/L _ 0.1 where it begins t() del)art frt)nl

t hi' t)rediction. No LAURA cal('ulations are available

at this Reynolds number. At x/L _ 0.5 0.6, the mea-

sured heating rises raI)idly to a value slightly above the

t.url)ulent LATCH predi(:ti(m an(t maintains that hwel

until near th(' end of the t)(_(ly. In general the turbu-

lent LATCH predictions agree with the measured data

to within 10 12 l)er('(mt.

For the highest Reynolds munl)er teste(1, R¢'L =

6.6:r10 _ (Fig. 15), laminar t)redictions are availal)le

from both LATCH and LAURA. The trend of the ex-

perimental and t)redicted results are similar to those at

/¢,_ = 5.0.,.10" (Fig. 14), excel)t that the departure 1)e-

tween the Ineasure(1 heating an(l the t)redi('tions near

x/L _ 0.1 is much more api)arent. It is interesting

to note that the lo(:ation where the measured heating

departs from the laminar predictions is just (h)wn-

strealn of tile tirst re('olnt)ressiOll regiolt o|)serve(1 in

the predi('ted l)ressure distrilmtions (Fig. 4). It may b(,

possiblt, that this re('onq)ression is intr()(hwing a dis-

tm'ban(:e in the flow that causes the heating to det)art

fl'om the exl)e('ted laminm" trend and eventually bull(Is

ut) and t)r(Mu('es the classical "transition" 1)charier

that is obs(,rved flu'(her down the b,)dy. It may also be

possible that there is sufficient surfa('e roughness in the

nose region to l)ro(hwe a dislurl)ance in the flow that

('auses the downstreanl heating to increase al)ove tit('

laminar level until it has grown sufficiently strong to

t)romote the classical t rallsiti(m behavior el)served fur-

ther downstream. A I)ehavior sinfilar to this has I)een

observed by Berry. et al.'-':' during rests of discr('t(' sur-

face roughness ()n tit(, Shuttle ()rl)iter. Whatever the

cans(', the heating aft of.r/L _ 0.1 does not fl)llow th('

exi)ected laminar tr(mds. The heating when t)lotted

as h/ht,'1¢ should remain approxinmtely constant at

a fixed locati()n on the model with increasing Reyn()lds

numl)er for laminar fl()w.. (?omparing results for the

various Reynolds numl)(q's. Figs. 8 and 13 15, it ('an I)e

seen that this is the observed 1)ehavior for the laminar

cal('ulations lint it is not fin the experimental measure-

men(s: thus, there must l)e SOllle kind of disturl)ance

that is (musing the flow to depart from laminar. If this

is true it n|av also be a ffe(:ting the lateral heating in

the chine region that was observed l)reviously al tit('

lower Reynohls number in Figs. 9-12.

L_TCH - LImk, wr,

_: E x!Neir_ - Run 24

EJq_imom- Ru_ II

LAU RA - Lam/r_ r

L_TC H - Tudwll, m

e, - .=<

,< ' ,:f,

11 _ = 40 deg

_0 : ReL = 3"? x 10*

09

08

07

_o_
0_5

O4

O3

0.2

01

°_'o o!, o!_ o!_ o!, o!o o,o o!_ o,, o,, _!o
x/L

Fig. 13 Windward symmetry heating on the D-

Loft forebody at .'_I_ = 6, (* = 4(1", and Rt'L =

3.7.r10".

LATCH - Lami_er
12 - M 6

. = L0 Elq_imm_d - Run 32

[_i a" 40 d_l ExFQd_rd " R un 7

1 1 Ri_. S.O • 10' LATCH - Tudoulem

1.1a

0.9

08

03 "-_,

0.2

O1

I I I I I I I I I I
O,_n 01 02 03 04 05 06 07 08 09 10

ldL

Fig. 14 Windward symmetry heating on the D

Loft forebody at M-_ = 6, r_ = 40", and R_. =

5.0x10".

F()r the highest R('ynolds ,mmt)er case. RCL =

6.6:r10 (_, lateral distributions at the same four axial

stations, :r/L = 0.3. 0.5, ().7. an(t 0.9. as shown t)re-

viously at a h)wer Reynohls nmnber are l)resented in

Figs. 16 19. Fr(nn resuhs presented l)reviously. (see

Fig. 15), it was shown that on the windward symnw-

try I)lane the measured heating data departed fronl

a laminar 1)charier (lownstreanl ()f x/L _ 0.1. A

similar 1)ehavior in the lateral heating distrilmti(ms

is observed in Figs. 16 19. The difference l)(_tw('en

measured heating mid laminar t)redictions in('reases

with each successive downstream lateral cut until at

:r/L = 0.7 (Fig. 18), the heating on the cent(_r por-

tion of the model agrees with the turbulent LATCH

l)redicti(ms. The spike in heating near y/L _ -0.2 ()It-

served in this cut plane is caused l)y a small damaged

area (m the model (hie to a par(Me in the flow strik-

ing the t)hosl)hor coating. This unintended rougltness

element (:aused lo(:alize(l early b()|mdary transiti()n.

At x/L = 0.9, the l(>calized trallsition region ('aused
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Fig. 15 Windward symmetry heating on the D-

Loft forebody at ,_I_ = 6, (t = 40 °, and ReL = 6.6x10 '*.

1)y the "trip" has merged with tim wedge of turbu-

lent flow over the central portion of the model and

the measured data are in good agreement (10 percent)

with the LATCH turbulent predictions. In fact, for all

cases where the flow was clearly turbulent, the LATCH

('alculatioils agree well with the experimental measure-

llleilts.
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Fig. 17 Lateral heating distribution on the D-

Loft forebody at x/L = 0.5, 3I_ = 6, tt = 40 °, and

ReL = 6.6x10 [_.
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Fig. 18 Lateral heating distribution on the D-

Loft forebody at x/L = 0.7, .]ll_. = 6, n = 40 °, and

ReL = 6.6x10 _.

Fig. 16 Lateral heating distribution on the D-

Loft forebody at x/L = 0.3, ,_I_ = 6, n = 4if', and

Re_. = 6.6.r10 _.

Finally, for a Re_ _, 5:r10 _;, windward symmetry

l)lane heating distributions for this configuration are

presented for two lower angles of attack ((_ = 20 ° and

30 °) in Figs. 20 and 21.

For a = 20 ° (Fig. 20), two sets of data obtained

on different models (see Table 2), are included. Both

sets of ineasurements are in excellent agreement with

each other and also with laminar heating comimted

by LATCH. For this case the flow appears to be com-

pletely laminar.

At a = 30" (Fig. 21), the measured heating agrees

with the LATCH laminar predictions for x/L <_ 0.6

and then rises rapidly, indicative of transition, to a

level slightly above the turbulent LATCH t)rediction.

These results (shown in Figs. 20, 21, and 14) graph|-
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Fig. 19 Lateral heating distribution on the D-

Loft forebody at x/L 0.9, ,_I_ 6_ (_ 40 , and

RcL = 6.6x10 (_.
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Fig. 20 Windward symmetry heating on the D-

Loft forebody at Al_ = 6, ++ = 20", and Re1, =

5.0xl()(_.

tally illustrato the f(n+ward tnovenient transition with

in(Teasing angle of attack discussed by ThomI)SOn.

ot ++t] ."

[

/i'
,7i

I I I I I I I I l I

01 02 03 04 05 06 07 08 og 10

x/L

Fig. 21 Windward symmetry heating on the D-

Loft forebody at M:. = 6, n = 30", and Rrt. =

5.0xl(l(L

Rev-C Configuration

Heat transfer tests have been (:ondu(:ted on a Rev

C tit)-to-tail model that had a length of 10 inches fi'om

tit(' tip of the nose to th(' end of the engine 1)lock (at)-

proximately 0.0132 scale). In this section measured

heating data fi'om these tests are 1)resented ahmg with

t)redi(:tions front the LATCH (:ode.

First, h(,ating distributions ahmg the windward

symm<,try l)lan(' for R+L _ 3.6x1() +_ and n = 20%

30" and 40" at(' pres(mted in Figs. 22, 23, and 24,

r(,st)(,('tive]3". In general, hoth thr measur(,d heating

and the LATCH t)redi('tions increase with angh, of

attack wouhl I)e ext)e<:te(1. Howev(>r, for all angles

of attack, the experimental data are higher than the

LATCH cah'ulations in the nose region, x/L <_ 0.3.

an(l som(,what h)w(,r fin x/L _> 0.3. The reason for

this (tisagreentent is unknowiL Although. n() LAURA

!) OF 1-|

calculations are availat)lo fi)r this <'onfiguration at these

('onditi(ms. based on th(' ('omt)arisons t)otvco(qt LAURA

and LATCH for the D Loft forebody model shown

previously and on other (:Oml)arisons at flight ('(mdi-

ti(ms (whi('h will 1)e shown in tit(, next section) LAURA

and LATCH wouht t)e expe('ted t() givo similar predi('-

tions for this ('as( +. However. as pointed out l)reviously.

tit<' ]n()d(qs have not been t0st(,(1 f()r quality assurance

at,1 (tifliw('n('es in shat)e between the win(1 tunnel and

(:()ml)utational mo(l(q g(,ometries ('()uhl cause some of
the obs(wved difference t)etween exl)erim('nt and pre-

diction. For all future X-33 heating tests, quality

_-lSSlll';tIlC(! llleaStll'(_lllOllts hflv(' I)eOll t)l_tllllo(] ;-IS _lIl ill-

t(,gral part of the m(>(hq ('o]tstru('ti(m t)r(mess.
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a _= 20 deg ,, E_- Run 31

RI_ = 3.8x 10 +

O

©
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X/I,.

Fig. 22 Windward symmetry plane heating on

the Rev-C configuration at _I__ = 6, ¢_ = 20", and

RcL = 3.6x1() _.
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O
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%1o 2, ' ' ' ' ' ' ' '_',!o
02 03 0.4 05 06 07 08 09

x/L

Fig. 23 Windward symmetry plane heating on

the Rev-C configuration at Al_ = 6, +I = 3(}<', and

Rr_, = 3.6.r10".

For n = 30 ° an(l RrL = 3.6x10 (_, lat('ral heat-

ing distributions at x/L = 0.3.0.5.0.7.0.8. an(t 0.9 are

t)resented in Figs. 25 29. respt'('tiv('ly. Tiw two most

forward stations at :r/L = 0.3 and 0.5 (Figs. 25 and 26)

are ahead of the (:anted-fin, fl_s(,lage junctur(' an(l th('

heating distribution is sinfilar to that shown t)reviously

for th(, D Loft forel)()dy mo(lel. Both the (,xi)('rimen-
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Fig. 24 Windward symmetry plane heating on

the Rev-C configuration at _1I_ = 6, (_ = 40", and

ReL = 3.6x10".
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Fig. 25 Lateral heating distribution on the Rev-

C configuration at x/L = 0.3, M_ = 6, (r = 30 ° , and

ReL = 3.6x10 ';.

tal data and the LATCH computations are lowest near

the symmetry plalm (y/L = 0) and increase to a maxi-

mum in the chitw region. The LATCH predictions are

in reasonably good quantitative agreement with the

measured heating near the symmetry plane but are

significantly lower thin1 the measured data in the ctfine

region. This is sinfilar to the results shown previously

for the D Loft. Additional heating tests are plmmed

fi)r tim Rev F configuration, which is a later version of

the X-33 vehicle than those ilmluded in this paper. As

a part of these tests, extensive supporting calculations

are planned to further investigate the consistent trend

observed here of underpredicting the "lanfinar" chine

heating.

Further aft on the model, the lateral cuts at

x/L = 0.7,0.8 and 0.9 (Figs. 27, 28, and 29) in-

clude data on the windward side of the canted fin.

For x/L = 0.7 (Fig. 27) and 0.8 (Fig. 28), the heat-

ing increases in a direction away from the symlnetry

plane (y/L = 0), reaches a peak in the dfine re-

gion (y/L _ 0.2 0.3), decreases around the side of the

fuselage, and then increases again on the windward

side of the canted fin. Tim LATCH predictions are

in good qualitative agreement with the experimental

measurements but again underpredict the heating on

the chines. The overall comparison on the windward

side of the canted fin is better than on the ctfines. For

x/L = 0.9 (Fig. 29), the trends are similar to those

at the two previous axial stations (x/L = 0.7 and 0.8)

but lower tmathlg is observed over the center portion

of the model. This lower heating is caused by an ex-

pansion region (m the rearward portion (ff the h)wer

surface. The tip of one of the canted was broken off

during the expermental tests. This accounts for the

asymmetry in the measured heating outboard of the

chine region for negative values of y/L at this axial

station (x/L = 0.9).

10

09

08

O7

E

0s
O4

_3

02

M. = 6 LATCH - Larrdrlr

a = 30deg 0 E_m- Run4

ReL. :LS x 10'

_% °°%

I I I I I
_0.2 -01 0.0 01 0.2
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Fig. 26 Lateral heating distribution on the Rev-

C configuration at x/L = 0.5, M_ = 6, (_ = 30 °, and

ReL = 3.6x1{1 _;.
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Fig. 27 Lateral heating distribution on the Rev-

C configuration at x/L = 0.7, M_ = 6, _ = 30 ° , and

ReL = 3.6x106.
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Fig. 28 Lateral heating distribution on the Rev

C configuration at x/L = 0.8, _]I_ = 6_ o = 30", and

RrL = 3.6x1(} _*.

1.0
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LaCenll Heating on X-33 Rev-C Configuration

IdL = 0,9

M = 6 LATCH - Lim_nar

a ; 30 _ :, Experkmem - Run 4

RI_ = 3-§ xlOa :,

Fig. 29 Lateral heating distribution on the Rev-

C configuration at x/L = ().9, M_ -- 6_ o = 3[}", and

Re1. = 3.6x10".

Flight Predictions

In this section con[t)uto(t ]wating results flom th('

LATCH cod(' are (:ompar('d with (:omput(,d heating re-

suits ff()m tile LAURA ('od(, at the peak laminar heat-

ing t)oint on the nonlinal TPS (Thermal Protection

System) design trajecu)ry. The fr('estream conditions

for this (:as(' are given in Tal)h, 3.

Table 3

tions
Freestream conditions for flight calcula-

Altitude = 175.8 kfl

M-, = 11.5

¢_ = 36.2 deg

1)_ = 1.0636 lb/ft2

T_ = -176.4 (leg R

ReL = 2.9 x 106

the bottom half of the figur(, and those fiom LAURA

on the tot). These ('a[('ulati()ns wer(' for laminar fl()w

;Ill(1 the wall tOlllp(Wk/tllr( _ VGIS ;/SSlllllOd lO |)(' th(' l';i-

diation ('(luilibrimn wall temperature. Th(' heating for

this case is t)resenWd dir('('dy in tern> (if heat trans-

f(q rat(, ((1,.) b(,('ause the wall t() total ('nthall)y ratio

is relatively low (0.2 0.3) and the healing raw is rela-

tiv(qy insensitive to wall t(,ml)(,ratm'e. From Fig. 30. i_

is obs(,rved that th(' two ('odes ar(' in good qualitativ(,

agre(mmnt for this ('as('. The heating rate contours in

|)oth the (:hine an(t (:anted-fin regions at(, very similar.

Although th(' heating ['at(, contours near the windward

syluln('try plan(, al)p('ar at frst glan('(' to 1)(, (lull( , (tif-

ferent, the heating in thHt region is nearly ('onstant and

the two cal('ulatitms art, actually in very good agree-

IiW.llt.

Fig. 30 Comparison of LATCH and LAURA heat-

ing rate predictions on the lower surface of X-33 in

flight.

Heating distrilmtions ahmg the win(iward svm-

nletry l)lane are t)resented in Fig. 31 and as well as

lateral (tistril)utions at several axial stations..r = 250.

500. 55(i, 600. 650. and T00 inches, in Figs. 32 37. r('-

sp(wtiv('ly. The lateral cut at :r = 25(} in('hes (Fig. 32)
is (m the forebo(ty ahead (if the ('anted fin. All of the

remaining lat('ral cuts (Figs. 33 37) ar(' d()wnstream

of the th(, ('ante(t-fin fl]selage jun('tur(' (see Figs. 1 and

2). In general the LATCH and LAURA results are

in v(,r.v good agreement (+ 10 t)er('('nt) over m()st of

the windward surface (,x('ept in the chin(, region near

the rear of the v(qfi('h, where the LATCH l)redicti(ms

are lower than LAURA by apl)roximat('ly 20 30 per-

cent. The agreement t)etwe(,n LATCH and LAURA

at this flight condition is (,n('ouraging 1)e(:ause it sug-

gests that the LATCH c()d(', whi('h has a much faster

turn around time than LAURA, (:an lie llS0([ to t)r('di('t

flight heating rates for X-33 TPS design.

Figure 30 shows a plan-form view of th(, lower

surfa('e of the X-33, D Loft configuration with cont-

t)arisons of tit(' heating rate (:ontours flom the LATCH

and LAURA ('odes. The LATCH results are shown on

Concluding Remarks

Laminar and turl)ulent heating-rate calculati(ms

from an "'engineering" (:ode (LATCH) an(l laminar

cah:ulati(ms from a "l)en('hmark" Navi('r-Stokes cod('

1 1 OF II
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Fig. 31 Windward symmetry plane heating on the

D-Loft configuration at 5I_ = 11.5, _ = 36.2", and

R_,L = 2.9_.1() (i.
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Fig. 34 Lateral heating distribution on the D-

Loft configuration at x = 550 inches, M_ = 11.5,

_ = 36.2", and R_L = 2.9_10 is.
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Fig. 32 Lateral heating distribution on the D-
Loft configuration at x = 250 inches, 5I_ = 11.5,

c_ = 36.2", and Re1. = 2.9x1() (_.
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Fig. 35 Lateral heating distribution on the D-

Loft configuration at x = 600 inches, 5I_ = 11.5,

(_ = 36.2 °, and Rt_l. = 2.9x10 _.
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Fig. 33 Lateral heating distribution on the D-

Loft configuration at x = 500 inches, 5I_ = 11.5,

(_= 36.2 ° , and ReL = 2.9x10 (i.
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Fig. 36 Lateral heating distribution on the D-

Loft configuration at x = 650 inches, M< = 11.5,

(_= 36.2 ° , and Re_ = 2.9x10 e'.
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Fig. 37 Lateral heating distribution on the D-

Loft configuration at x = 700 inches, BI-_ = 11.5,

_ = 36.2 °, and RcL = 2.9:r1{) *i.

(LAURA) were conq}ared with {'Xl}erimental wind-

IIlIIIIPI data obtained on several candidate {'()II_iglll',_d-

tions for tit(' X-33 Phase lI fligh! vehicle. The experi-

mental data were obtained at a Math number of 6 and

a fl'e_,str('am Reynolds nun(her ranging from approxi-

mately about 1 x 1{1'_ to 8 x l{}(i/fl. Comparisons are

i}r{,sented ahmg the windward symmetry 1}lanv and in

a circumferential direction around the body at several

axial stations at angles of attack from 20" to 40". Tim

extmrimental results include |)(}tit laminar and turbu-

l{!Itt flow.

For (_ = 4(},(' the measured }mating data along the

windward symmetry plane exhibited a "non-laminar"

behavior Imgining near x/L = {).1 which caused the

heating to increase above the laminar lev('l long before

"classical" transition to turl}ulent flow was obs(q'v(,d

and the dopartur{' fl'om tit(' lanfinar heating l{wel in-

creased with increasing Reynolds number. This t}e-

havior was not o|}Selv('d at tho lower angles of attack

(i. e. a = 20" and 30"). The predicted inviscid pres-

sure distribution along tho windward sylmnetry plane

{,xhil}it{'d two over (_xt)a,llSiOl( a, lld r{'t't}tlll)ros,'-;ioll I'o-

gions, one near the nos(" (x/L ,-_ 0.1) and tho othPr

near the ntidpoint of the vehicl(' (:r/L _ 0.45). These

I'{WOIlII}I'OS,'-;ioIIS WOFO ol}served to ill('I'{!aSO ill strength

with angle of attack. Disturbances era|hating Dora tit('

recompression in the lit}s{* region may have disturbed

the flow and contributed to th{' non-lamina/" t)ehavior

of the heating observed at the highest angh, of attack.

\Vhen the flow was complettqy laminar, both

codes tn{'dict{,(t tlw tneasur{,d heating along the

windward symmotry plan(' reasonably well. gen0rally

within 1(} percent: how(,ver, t}oth cod{,s under I}r('-

dict{,d tim measured heating in the chin(' region, gen-

(,rally by 25 30 l}ercent. Wh(,n tit{, fl(}w was turlmhmt

tit(, LATCH {'o{h, accurately pr{'di{'t{'{t tit(' measured

treating rates within about 11}-12 percent. B(}th c{}(h's

were used t(} calculate heating rates {}vet an X-33 v(qfi-

('h, at the peak heating point on the (It,sign traj{'{'tory

1?, (}F

:\MERIt'AN INSTITUTE OF AERONAITTI('S

and th{3" were f{mn(t t(} t){, in very good agr(,{mt(,nl

(,xcet)l n(,ar tho rear of th{, v{,hi{'h, in the elfin{, r{,gi(}n.
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